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Synopsis Laboratory models have suggested a link between metabolism and life span in vertebrates, and it is well known
that the evolution of specific life histories can be driven by metabolic factors. However, little is known regarding how the
adoption of specific life-history strategies can shape aging and life span in populations facing different energetic demands
from either a theoretical or a mechanistic viewpoint but significant insight can be gained by using a comparative
approach. Comparative biology plays several roles in our understanding of the virtually ubiquitous phenomenon of
aging in animals. First, it provides a critical evaluation of broad hypotheses concerning the evolutionary forces underlying
the modulation of aging rate. Second, it suggests mechanistic hypotheses about processes of aging. Third, it illuminates
particularly informative species because of their exceptionally slow or rapid aging rates to be interrogated about poten-
tially novel mechanisms of aging. Although comparative biology has played a significant role in research on aging for
more than a century, the new comparative biology of aging is poised to dwarf those earlier contributions, because:
(1) new cellular and molecular techniques for investigating novel species are in place and more are being continually
generated, (2) molecular systematics has resolved the phylogenetic relationships among a wide range of species, which
allow for the implementation of analytic tools specialized for comparative biology, and (3) in addition to facilitating the
construction of accurate phylogenies, the dramatic acceleration in DNA-sequencing technology is providing us with new
tools for a comparative genomic approach to understanding aging.

Introduction: energy and aging of energy quickly; larger, longer-lived animals expend
it slowly.

Rubner’s original observation was followed up by
larger studies of mammalian species’ metabolic rates
and longevities and these more detailed studies

rate and longevity in five mammalian species ranging reached similar 'conclus1ons. (Sacher 1959; Qalder
in size from guinea pigs to cows that although body 1?86). Also, this ol?servat1on se.:emed consistent
size varied by 50,000-fold and longevity by 5-fold with a repeated finding among invertebrates that
among these species, lifetime expenditure of energy metabolic rate correlated positively, and longevity
per gram of body mass varied by less than 2-fold. He negatively, with environmental temperature (Pearl
thus concluded that the increase in longevity accom- ~ 1928; Miquel et al. 1976). When Denham Harman,
panying increasing body size among mammalian having noted these patterns, hypothesized in the
species was likely causally associated with the con- ~ mid-20th century that aging was caused by free
comitant decrease in expenditure of energy at the radicals—inescapable byproducts of normal metabo-
tissue level, suggesting life span itself was limited lism (Harman 1956)—the “rate-of-living theory”
by energy expenditure (Rubner 1908). Small, (Pearl 1928), according to which metabolic rate
short-lived animals expend their inherent allotment largely dictated longevity, seemed parsimonious,

The histories of studies on metabolic physiology and
on longevity have been intertwined for more than a
century since they were first linked by Rubner in
1908. He noted from a study of resting metabolic
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intuitively satisfying, and consistent with a mountain
of supporting evidence. This metabolic determinism
exhibited such a grip on the biogerontological field
that Sacher, from crude back-of-the-envelope style
calculations of imagined food intake and longevity,
attributed the well-known life-extending effects of
caloric restriction in laboratory rodents to its effect
of reducing metabolic rate (Sacher 1959).

In the latter part of the 20th century, this simple,
coherent picture of the determination of longevity
began to come apart. One of the first pieces of con-
trary evidence appeared when researchers studying
calorically-restricted laboratory rodents actually mea-
sured metabolic rate and found that restricted ani-
mals actually expended as much, or more, energy on
a mass-specific basis than did fully-fed animals
(Dufty et al. 1989; McCarter and Palmer 1992).
Also, it was noted that between closely-related spe-
cies or recombinant inbred strains of the same spe-
cies, there was no necessary association between
longevity and metabolic rate (Promislow and
Haselkorn 2002; Van Voorhies et al. 2004). Then,
as numerous single-gene mutations that extended
life in model organisms came to light, it turned
out that while some of these mutations reduced met-
abolic rate, others left it unchanged or even increased
it (Van Voorhies 2002; Lin et al. 2004; Westbrook
et al. 2009). Finally, comparative biologists noted
that broad patterns of longevity among endothermic
vertebrates seemed inconsistent with the rate-
of-living hypothesis. Specifically, marsupials exhibit
only about 75% the basal metabolic rate of
similar-sized eutherians, such that the rate-of-living
hypothesis would predict they should be longer-lived
than eutherians, when in fact the opposite is true
(Austad and Fischer 1991). Also, birds, with higher
basal metabolic rates than mammals, would be pre-
dicted by the rate-of-living hypothesis to be
shorter-lived than similar-sized mammals, yet the
opposite is true. Birds live on average about three
times as long as similar-sized mammals (Holmes
and Austad 1995). Moreover, far from their being
relatively constant across species, lifetime basal
mass-specific metabolic expenditure varies by nearly
30-fold across just the mammals (Austad and Fischer
1991). Also, importantly, a phylogenetically-sensitive
comparative analysis noted that once the impact of
phylogeny was removed, there was no longer any
relationship between basal metabolic rate and longv-
ity (de Magalhaes et al. 2007). Finally, if instead of
assessing basal metabolic rate, an energy state at
which animals rarely if ever exist, one examines
actual energy expenditure, small, short-lived species
expend consistently more energy per gram of body

S. N. Austad

mass per lifetime than do large, long-lived species,
whether considering mammals (Speakman 2005) or
birds (Furness and Speakman 2008).

Today the determinative role of the rate of energy
expenditure in longevity of species has been largely
discarded by biogerontological researchers as a gen-
eral hypothesis. However, decades of investigation
into this area, which was born from, and died by,
comparative biological analyses, led to the discovery
of the importance of oxygen free radicals in a variety
of disease processes and possibly in aging itself (Barja
2004; Lambert et al. 2007).

The role of comparative biology in
research on mechanistic aging

As shown by the examples above, comparative biol-
ogy can be used as a powerful tool to investigate
broad hypotheses about mechanisms of aging. In
fact, one could argue that a comparative approach
is the only way that broad hypotheses about mech-
anisms of aging can be rigorously evaluated. Studies
of single species yield information about single spe-
cies. It is only by comparing multiple, phylogeneti-
cally diverse species that broad hypotheses can be
supported or rejected. In this sense, the most striking
evidence that insulin-like signaling broadly and caus-
ally modulates longevity is the observation that
mutations reducing insulin-like signaling in
Caenorhabditis elegans, Drosophila melanogaster, and
house mice (Mus musculus)—three laboratory species
separated by a billion years of evolutionary history—
all significantly extend life (Tatar et al. 2003).

If comparative biology excels at supporting or re-
jecting broad mechanistic hypotheses about the mod-
ulation of longevity, it also can also suggest new
general hypotheses. For instance, a recent unbiased
screen for orthologous genes that when suppressed
extend lifespan in both budding yeast and the
nematode, C. elegans, led to the general hypothesis
that reduced ribosomal biogenesis slows aging
(Smith et al. 2007). These two species diverged
about 1.5 billion years ago and have exceedingly dif-
ferent basic biology and life histories, suggesting
whatever the mechanistic link between suppressed
ribosomal biogenesis and aging, it may be an excep-
tionally general phenomenon. Further investigation
in these and other species support the hypotheses
that reduced ribosomal biogenesis may have its
effect by reducing protein synthesis, which may in
turn diverts more cellular energy to maintenance ac-
tivities such as DNA repair or the degradation of
damaged or misfolded proteins or leads to the syn-
thesis of fewer damaged or misfolded proteins
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(Kaeberlein and Kennedy 2008). This finding and its
interpretation are consistent with Kirkwood’s
Disposable Soma model for the evolution of aging
(Kirkwood 1985). This indirect but provocative link
between integrity of the proteome and longevity was
further supported by two separate comparative stud-
ies in mammals. In one of these, protein oxidation
and stability was compared between naked mole-rats
(Heterocephalus glaber) which can live nearly 30 years
(Buffenstein 2008) and same-sized house mice which
live no more than 4 years (Turturro et al. 1999).
Livers of naked mole-rats accumulated fewer dam-
aged proteins with age than did mouse livers and
general protein stability, in the face of induced un-
folding stress, was substantially greater in naked
mole-rats than in mice (Pérez et al. 2009). In the
other study, mice were compared to two species of
bats (Brazilian free-tailed bats, Tadarida brasiliensis,
and cave bats, Myotis velifer) both of which live up
to 12 years in the wild (Salmon et al. 2009). In this
case, basal damage to liver proteins as measured by
carbonylation was less in free-tailed bats than in
mice, but this was not true of cave bats. However,
when animals were subjected to radiation stress (9 Gy
y-irradiation), then both bat species exhibited lower
levels of oxidation compared to mice. Furthermore,
when exposed to increasing levels of unfolding stress
(increasing concentrations of urea), proteins both
from bat livers and naked mole-rat livers were
more stable than those from mice.

The third role that comparative biology can play
in research on aging is identifying species of excep-
tional gerontological interest, because of their excep-
tionally long or short lives (Austad 2010). Although
the vast majority of studies on aging employs model
laboratory species notable for their short lives, it is
conceivable that modulation of aging in short-lived
species involves different mechanisms than those in-
volved in modulating aging in long-lived species,
such as humans, or that modulators of aging be-
tween species differ from modulators within species.
One suggestion that this might be so is the conflict-
ing body-size relationship between and within spe-
cies. As has been previously mentioned, larger species
of birds and mammals are typically longer-lived than
are smaller species (Calder 1986; Austad and Fischer
1991); however, smaller animals within species of
house mice, dogs, horses and possibly others, live
longer (Miller and Austad 2006). It may be worth
noting that this within-species pattern of an inverse
relation between size and longevity has been reported
only in species subjected to strong artificial selection
during the course of domestication. Thus, it could
represent the disruption of evolved physiological
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systems and feedback mechanisms by selection for
extreme traits and may not be more generally
relevant.

The discovery of exceptionally long-life in a wide
variety of species has accelerated recently (Austad
2010). For instance, it is only in the past few years
that it has become known that naked mole-rats live
nearly ten times as long as similar-sized house mice
(Buffenstein and Jarvis 2002) or that some small bats
can live >40 years in the wild (Podlutsky et al. 2005).

Of course, tales of exceptional longevity among
animals are not new. Francis Bacon collected many
examples in his History of Life & Death nearly
400 years ago. Unfortunately, these examples were
usually apocryphal. For instance, elephants as re-
ported by Bacon lived 200 years, camels 100 years.
Among birds, ravens and swans were also reported to
live a century (Bacon 1638). Although Bacon was
mistaken about these longevities, he was the first
person, to my knowledge, to correctly determine
that birds are longer-lived on average than are
mammals.

So what is new in the comparative biology of
aging is solid documentation of species’ longevity,
sometimes because of better and more extensive
record-keeping in zoos and research facilities, but
also because of improved husbandry or new and
better techniques for determining animals™ ages. For
instance, the bowhead whale (Balaena mysticetus) has
now been estimated to live as long as 200 years based
on the degree of racemization of aspartic acid resi-
dues in its eye lens crystallins (George et al. 1999).
Although this evidence by itself may provoke skepti-
cism because the racemization process is affected by
temperature and is very indirect, the estimate is
given some credence by the fact that traditional
whaling implements not in use for well more than
a century have been recovered from bowhead whales
landed in recent years.

Unquestionably more precise than amino acid race-
mization is the assessment of age by growth rings in the
otholith of fishes (Cailliet et al. 2001). Otoliths are cal-
careous structures used in balance and hearing and
found in the heads of all bony fishes. Seasonal growth
zones can often be visualized in otoliths like growth
rings in trees, particularly when the otolith is sectioned,
polished, and stained. Extensive validation of analysis
of the use of otolith growth-zones to estimate age has
been performed by marking the otolith via oxytetracy-
cline injection, followed by recapture of the animal and
visualizing the mark at a later date, or for longer-lived
fishes validating the age by radioactive decay series.
Using these radiometric methods, 47 rockfish species
in the genus Sebastes were discovered to range in
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maximum observed longevity from as little as 12 years
in the Callico rockfish (S. dalli) to 157 years in the
Shortraker rockfish (S. borealis), to a remarkable 205
years in the Rougheye rockfish (S. aleutianus) (Cailliet
et al. 2001).

Annual counts of growth rings validated by radio-
metric analysis has also led to the discovery of ex-
ceptional longevity among the bivalve mollusks
(clams, mussels, oysters) (Abele et al. 2008). In
fact, Dbivalve mollusks likely represent the
longest-lived clade among metazoans, with >10 spe-
cies well-documented to live at least a century and
some species such as the ocean quahog (Arctica islan-
dica) surpassing four centuries (Wanamaker et al.
2008). Some species of bivalves may live even
longer (Wisshak et al. 2009).

It may well be worth establishing some of these
exceptionally long-lived species in the bestiary of
model aging organisms. For that to occur, several
things must take place. First, multiple laboratories
must be interested in studying them. Second, large
numbers of known-age individuals must become
available. Third, their genome, transcriptome, and
proteome must be described in detail and methods
developed to manipulate each. Dramatic advances in
high throughput sequencing and major advances in
cell biology will soon allow this third event (see
below). Probably the most likely species in which
this might occur is the naked mole-rat, which is al-
ready being investigated in multiple laboratories,
exists in large captive colonies, and currently has a
rough draft of its genome being sequenced.

Short-lived species also have a valuable role in
research on aging. Most obviously, if they can be
mass-cultured in the laboratory and are genetically
tractable, they are valuable because the impact of
genetic, dietary, or pharmacological manipulations
on lifespan can be easily assessed. Thus, the vast ma-
jority of research on aging to date has used
short-lived nematodes, insects, or mammals.
However, short-lived species are also valuable for
comparative studies, in that they can provide infor-
mative contrasts to long-lived species for evaluating
mechanistic hypotheses about the evolution of long
life. For instance, the contrast between the laboratory
mouse and the naked mole-rat has already provided
a wealth of information concerning hypotheses about
the evolution of long-life. In fact, this comparison
has led to a major re-evaluation of the role of oxi-
dative stress in the modulation of aging (Andziak
et al. 2005, 2006). For both these reasons, the dis-
covery of new, exceptionally short-lived species, par-
ticularly among groups in which exceptionally long
life has been documented, is also exciting.
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Of particular interest from this perspective is the
recent discovery and subsequent laboratory develop-
ment of a short-lived killifish, Nothobranchius furzeri,
which has a median longevity of ~9 weeks (Genade
et al. 2005; Terzibasi et al. 2007)—about the same as
a fruit fly. Several species of killifishes have been
proposed as useful laboratory models for research
on aging (Herrera and Jagadeeswaran 2004), but
this species seems to be the most promising because
it is the shortest-lived. A necessary caveat when em-
ploying putatively short-lived species is determina-
tion that their short lives are not a consequence of
inadequacies in husbandry, such that they are chron-
ically ill, even at a young age, and short-lived for that
reason. Indications of this sort of problem can be
gleaned from examination of age-specific mortality
parameters, which in most species increase exponen-
tially over most adult ages (Gompertzian mortality
kinetics) under adequate husbandry (Finch 1990).
Indications that husbandry of N. furzeri is
well-developed include Gompertzian mortality kinet-
ics plus the appearance of various indicators of aging
only in later life (Terzibasi et al. 2007).

In comparative research on aging, informative
contrasts may also be made among species exhibiting
divergent longevities in the wild. Although in the
past it was commonly believed that animals in the
wild did not suffer appreciable senescence, this is
now known to have been a misconception due to
lack of information. Senescence of various types
has now been documented in a wide variety of
birds and mammals (Promislow 1991;
Brunet-Rossinni and Austad 2006; Monaghan et al.
2008). In comparative studies, phylogenetic affinity is
an important concern, because the more closely re-
lated species are, the fewer are the likely functional
and genetic differences among them that are unre-
lated to differences in longevity. Thus, it would likely
be more informative to contrast long-lived and
short-lived bats rather than long-lived bats with
short-lived rodents. However, it is not trivial to
establish that species in the wild are short-lived,
because lack of sufficient data on completed life
spans may make species appear shorter-lived than
they really are. For instance, a number of compara-
tive analyses have been performed on broad patterns
of birds’ longevity, in which species’ longevity was
determined by recoveries of previously banded birds
(Calder, 1986; Furness and Speakman, 2008).
However, it is worth noting that published longevity
records, at least of North American birds, from such
banding records are strongly affected by the number
of bands recovered. Specifically, nearly half (49%) of
the variation in maximum reported field longevity
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Fig. 1 Relationship between the published longevity records of
North American bird species based on the recovery of bands and
the number of bands recovered (r2:0.49, N =475, P<0.0001).
Note that the number of bands recovered explains more of the
variation in longevity than does the species’ body size (*=0.32,
N =486, P<0.0001, data not shown). Data from Clapp et al.
(1982, 1983), Klimkiewicz et al. (1983), Klimkiewicz and Futcher
(1987, 1989).

can be explained by the sample size of recovered
bands alone (Fig. 1). This is a substantially greater
fraction of the variation than is explained by body
size (32%). As a specific illustrative example, the
longevity record for the Eastern bluebird (Sialis
sialis) is 10.5 years compared to 6.1 years for the
closely-related Western bluebird (S. mexicana). This
may represent a real difference in survival, but on the
other hand it may not. The former record is based
on more than 1600 recoveries of bands, whereas the
latter is based on only 114. As sample size of com-
pleted life spans increases, this potential problem
abates. Maximum longevity of Herring gulls, for
instance, was reported to be 27.25 years based on
35,000 recovered bands (Clapp et al. 1982), and
7 years later had increased only slightly (to 28.0
years) based on 1500 additional recoveries
(Klimkiewicz and Futcher, 1989). The ultimate mes-
sage is that in either laboratory of field studies,
considerable care should be taken to ensure that
putative short-lived species are truly, rather than
only apparently, short-lived.

True field “short-gevity” can be established, how-
ever, For instance, a potentially useful contrast may
be made among long-lived versus short-lived vesper-
tilionid bats, such as the little brown bat (Myotis
lucifugus) with a longevity record of 34 vyears
(Davis and Hitchcock 1995) and the evening bat
(Nycticeus humeralis) with a reported longevity of
6 years (Wilkinson and South 2002). Evidence that
the evening bat really is this short-lived includes that
Wilkinson banded more than 1300 females of this
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highly philopatric species in the 1980s and 1990s
and followed their annual survival, accruing more
than 1100 recaptures of banded bats. No banded
bat was determined to be >6-years old. Moreover,
Watkins banded numerous bats in the same colonies
10-20 years earlier and Wilkinson found no banded
bats from Watkins’ study (G.S. Wilkinson, personal
communication). Finally, as might be expected in a
bat species that is exceptionally short-lived, evening
bats have a considerably higher reproductive rate
than do most bats. Whereas most bat species bear
one pup annually, evening bats bear two, or even
occasionally three, young (Watkins 1972; Wilkinson
1992). Thus, a diversity of evidence indicates that
evening bats are truly short-lived (for a bat).
Finally, it is worth noting that AnAGE, a
well-curated, broad database of species longevities,
is now available on-line (http://genomics.senescence
.info/species).

Comparative biology of aging in the
21st century

As informative as comparative biology has been in
assessing patterns and processes of aging in the past,
the future promises to be even more revealing. I say
this because of three important, relatively recent
trends in biological science.

First, new techniques in cell biology and
biochemistry are leading to more refined, species-
independent, tools for investigating cellular process-
es. To focus on one example from a large number of
possible examples, measurement of in vivo oxidative
damage has been a mainstay of research on aging for
several decades as the oxidative stress hypothesis of
aging held sway. Yet quantitation of oxidative
damage has been fraught with technical problems,
particularly when employing noninvasive approaches
(Halliwell and Gutteridge 2007). For instance, mea-
surement of lipid peroxidation by quantification of
malondialdehyde (MDA) in tissues and body fluids,
such as plasma and urine, has been a common mea-
sure of generalized oxidative stress. However, this
assay suffers from lack of specificity, poor sensitivity
due to its rapid metabolism, its chemical instability
and reactivity, and its generation of artifacts (Roberts
and Milne 2008). More recently, these problems have
been largely overcome by the discovery and develop-
ment of straightforward gas chromatography/mass
spectrometry assays for F,-isoprostanes. These
prostaglandin-like compounds are produced by free
radical-catalyzed peroxidation of arachidonic acid.
Unlike MDA, they are metabolically stable and non-
reactive and their auto-oxidation can be easily
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prevented by rapid storage at —70°C or below
(Arneson and Roberts 2007). Thus, quantitation of
F,-isoprostanes is not only one of the most accurate
methods for detecting oxidative injury, it can be em-
ployed with equal ease to assess samples obtained in
either laboratory or field. Arachidonic acid is distrib-
uted in membranes rather uniformly throughout
the body, so measurement of F,-isoprostanes is a
good indicator of generalized lipid peroxidation. A
second class of isoprostanes, F4-isoprostanes or neu-
roprostanes, with similar chemical properties to
F,-isoprostanes are derived from peroxidation of do-
cosahexaenoic acid (DHA), which is highly enriched
in the vertebrate brain. DHA accounts for 25-35% of
total fatty acids of neuronal membranes (Skinner
et al. 1993). Thus F,-isoprostanes are excellent mark-
ers of oxidative damage to the brain (Arneson and
Roberts 2007).

Another example in which techniques now allow
important cellular processes to be investigated with-
out specialized species-specific tools such as antibo-
dies is protein misfolding. Intracellular proteins must
be folded precisely to function correctly and many
factors from oxidation, to excess heat, to fatty acids,
to other misfolded proteins, can interfere with the
maintenance of proper conformation. Improperly
folded proteins may become aggregated and/or
toxic and consequently a complex cellular machinery
for degrading misfolded proteins has evolved
(Goldberg 2003). It is now relatively straightforward
to monitor the conformational status of a complex
mixture of proteins such as found in specific tissues
by measuring changes in the surface hydrophobicity
of the proteins. The compound BisANS (4,4'-
dianilino-1,1’-binaphthyl-5,5'-disulfonic acid) binds
reversibly to hydrophobic pockets on the surface of
proteins and this binding can be visualized fluoro-
metrically. This binding becomes covalent after ex-
posure to longwave UV light, thus allowing the
screening of the proteome for changes in surface hy-
drophobicity associated with misfolding (Pierce et al.
2006). This technique was employed in the
previously-mentioned observations that global pro-
tein stability appears tightly linked to species’ lon-
gevity in a selection of mammals (Pérez et al. 2009;
Salmon et al. 2009).

Possibly the most important technical advance in
the past decade for both individualized regenerative
medical therapy as well as for comparative studies of
aging is the development of induced pluripotent
stem cells (iPSCs). These iPSCs can be generated
from a variety of differentiated cell types using a
cocktail of transcription factors, and are similar in
their properties to embryonic stem cells, in that
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when appropriately stimulated they can be trans-
formed into virtually any other type of cell
(Takahashi and Yamanaka 2006). Proof-of-principle
for this claim was the creation of adult mice from
reprogramming of differentiated mouse cells (Boland
et al. 2009). IPSCs can be created even using tran-
scription factors from other mammalian species—
mouse cells can use human transcription factors,
for instance—and have now been created from at
least six mammalian species (humans, rhesus ma-
caques, marmosets, dogs, mice, and pigs) (Liu
et al. 2008; Nakagawa et al. 2008; Li et al. 2009;
Trounson 2009; Wu et al. 2010).

The advantage of iPSCs is that to the extent that
such cells exist for a diversity of species, it allows
in vitro investigation of nearly any type of cell. For
instance, for nearly three decades researchers have
been evaluating hypotheses about mechanisms of
aging by comparing cultured cells, typically fibro-
blasts, from species of varying longevities (Rohme
1981; Kapahi et al. 1999; Lorenzini et al. 2005).
However, fibroblasts are disposable cells, easily de-
stroyed and replaced if they become damaged. It
might be that permanent cells such as neurons or
cardiomyocytes would be more informative than fi-
broblasts about critical species’ protective mecha-
nisms that combat fundamental processes of aging.
The existence of iPSCs, which can be differentiated
into neurons or cardiomyocytes in culture, would
allow comparative investigation of cell types that
are not otherwise available. An example of how
iPSCs could be employed might be in the investiga-
tion of causes of Alzheimer’s Disease. Alzheimer’s
Disease appears to occur only in humans but not
even in humans’ close relatives, such as chimpanzees
(Finch and Stanford 2004). One hypothesis for the
development of Alzheimer’s Disease is that oligomers
of beta amyloid are toxic to human neurons (Geula
et al. 1998). A reasonable experimental approach to
evaluating this idea would be to determine whether
beta amyloid was less toxic to neurons from a range
of nonhuman primates, particularly humans’ close
relatives, like chimpanzees, that do not get the dis-
ease. However, for ethical reasons, isolated chimpan-
zee neurons are difficult to obtain. However, it
would be possible to differentiate chimpanzee
iPSCs into neurons and study their properties in
that manner.

In addition to the development of the these cellu-
lar and biochemical techniques that mitigate some of
the difficulties in implementing research on nontra-
ditional species, a second major advance facilitating
comparative research is the emergence of a vastly
improved understanding of the phylogenetic
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relationships among species at both large and small
scales. The analysis of comparative data can be great-
ly enhanced by taking account of the phylogenetic
relationships among the species studied rather than
by treating each species as an independent data point
(Felsenstein 1985; Harvey and Pagel 1991). However,
these phylogenetically-sensitive methods require
accurate  phylogenies. The great wealth of
DNA-sequence data that have accumulated in
recent years, combined with better techniques for
detecting evolutionary divergence patterns using se-
quence differences, have revolutionized our under-
standing of the evolutionary relationships among
species. For instance, the two major superphyla of
protostome invertebrates—the Ecdysozoa and the
Lophotrochozoa were only recognized in the late
1990s (Aguinaldo et al. 1997) and confirmed in
detail even more recently (Dunn et al. 2008). Such
alterations in our view of evolutionary history can
significantly alter inferences from experimental re-
sults. To choose one example, in a traditional coelo-
mic view of evolutionary history the common
ancestor of nematodes and insects is also the
common ancestor of mammals. Thus, if one ob-
served the same phenomenon—such as reduced in-
sulin/IGF signaling leading to longer life—in both
nematodes and insects then a reasonable inference
would be that the trait is ancestral in mammals as
well. According to the newer Ecdysozoan phylogeny,
nematodes and insects diverged from one another
after diverging from the clade leading to mammals;
therefore a trait shared by the conventional labora-
tory research models of aging, C. elegans and
D. melanogaster, is not necessarily ancestral to mam-
mals (Austad and Podlutsky 2006). Thus, on that
basis, a mechanism modulating aging in C. elegans
and D. melanogaster cannot be assumed to be
generalizable.

Better phylogenetic information has been particu-
larly helpful in comparative studies of mammals.
Prior to 2001, there was no generally accepted topol-
ogy even of the major mammalian orders. However,
since then, consistent and nicely resolved mammali-
an phylogenies have emerged (Murphy et al. 2004;
Bininda-Emonds et al. 2007), such that now even
such formerly troublesome groups as the rodents
(Steppan et al. 2004) and bats (Teeling et al. 2005)
have nicely resolved topologies and reasonable esti-
mates of times of divergence. Consequently, it be-
comes easier to determine the number of
independent evolutionary events that one encom-
passes in a comparative study, making statistical in-
ference cleaner and more reliable. Such broad
comparative analyses of the pattern of aging among
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mammals have recently been made (de Magalhaes
et al. 2007; Ricklefs 2010).

The final development revolutionizing compara-
tive studies in the 21st century, already foreshadowed
in the above discussion of phylogeny, is the impact
of the massive—and accelerating—increase in
DNA-sequencing and RNA-sequencing power over
the past decade. As of now (May 2010), there are
whole genome sequences of 2x coverage or better
for at least 28 species of mammals with at least
50 species approved for sequencing, many of these
already in process (http://www.genome
.gov/10002154). This number is expected to increase
rapidly. Moreover, transcriptome sequencing will
provide information, in addition to the existence
and variation among genomes, but more impor-
tantly, on which genes are expressed in which tissues.
Perhaps more importantly, such sequence informa-
tion will allow the development of reagents for ma-
nipulating gene expression. For instance, mRNA
sequence data will allow the design of small interfer-
ing RNA’s with which, using appropriate vectors,
one will be able suppress the expression of specific
genes in cells or in specific tissues of any species of
exceptional interest.

In summary, comparative biology has been an im-
portant tool for the investigation of mechanisms of
aging for nearly as long as aging has been the subject
of formal study. Early work focused on the relation-
ship between metabolism and aging, although as
more and more data were assembled the idea that
metabolic rate somehow determined the rate of aging
fell into disfavor. In recent times, comparative re-
search on aging largely consisted of confirming find-
ings discovered in one of the four traditional model
organisms (Saccharomyces cerevesiae, C. elegans,
D. melanogaster, and M. musculus) in the others.
Such confirmation indicated how broadly conserved
were mechanisms such as the impact of insulin/IGF
signaling on longevity. Today, and in the future, ad-
ditional advances will come from broadening the
bestiary of species to include those that are excep-
tionally long-lived in addition to current models
which are all of short-lived species. A satchel full
of new tools have recently become available that
will allow the most sophisticated of cellular and mo-
lecular techniques to be applied to virtually any spe-
cies of exceptional interest.
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